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We tested whether the dDcacy of chemical weed contrOl might change as atmo-
spheric CO2 concentration [CO2] increases by determining if tole~ce to a widely
used. phloem mobile. poItemergence herbicide. glyphosate. was altered by a doubling
of [COv. Tolerance was determined by following the growth of ~thus trt7O-
jlIXus L (redroot pigweed). a c. species. and Cl1m4ptH/ium album L (common
lambsquaners). a C3 species. grown at near ambient (360 jA.lnol mol-I) and twice
ambient (720 jJ.tnol mol-I) [CO~ for 14 d following glyphosate application at rates
of 0.00 (contrOl), 0.112 kg ai ha-t (0.1 X the commercial rate), and 1.12 kg ai
ha-1 (1.0 X the commercial race) in four separate trials. Irrespectiw of [COv,
growth of the ~ species. A. rrtToJfaIu. was significantly reduced and was eliminated
altogether at glyphosate application rates of 0.112 and 1.12 kg ai ha -I. respectively.
However. in contrast to the ambient (C~ treatment. an application race of 0.112
kg ai ha-1 had no e£fea on growm. and a 1.12-kg ai ha-1 race reduced bUt did not
eliminace growth in elevated [CO~-grown C .Jb.",.. Although giyphosate tOlerance
does inaase with plant size at the rime of appliCation. di1rerences in giyphosate
tolerance betWeen CO2 treatmencs in C. album cannot be explained by size alone.
These data indicate chat rising atmospheric [CO~ could inaease gtypbosace toler-
ance in a C3 weedy species. Changes in herbicide tolerance at eIcvaced [COz] could
limit chemical weed contrOl efficacy and increase weed-crop competition.
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changes that could influence herbicide uptake (2[es, herbi-
cide movement, and overall effectiveness. For example, in-
creasing [COz] can increase leaf mickncss and reduce StO-
matal number and conductance, possibly limicing upakc of
foliar-applied herbicides. Decreased Stomaw conducance
wim increasing [COz] could also reduce cranspiracion and
uptake of soil-applied herbicides. The duracion of time
weeds arc susceptible to herbicide aeaanent could also be
affected because at elevated [COV, rime spen[ in me seed-
ling ~ (wually me time of grea[est effectiveness in ~t.
emergence, foliar-applied herbicides) could be reduced if in-
creasing [CO2] stimulates groWth. In addicion, for perennial
weeds. increasing [CO~] could stimul;1cc gtea[er rhizom~
3nd [uber growm, making herbicidal control of such \ve~ds
more difficu1[ and costly.

Almough mere arc empirical reasons for asswning tha[
growth at furore levels of [CO~ could influence bcrbicide
efficacy, we are aware of no StUdy mat bas compared me
relative effectiveness of berbicide control for swcepcible
weedy species as a function of carbon dioxide conccnuacion.
We chose giyphosate (formulacion: "RounduP' as a widely
wed, phloem mobile, postemergence berbicide. Almough
new herbicides are likely in me furore, me current monetary
invesanent in glyphosate and itS overall dfcctiveness suggest
that itS widespread use will coincide wim the global rise in
atmospheric [CO2] well into the next centUry. In me curren[
experiment, we wed tWo weedy species, chosen among the
world's worst weeds (Holm et a1. 1977): Amanmthus mro-
j/exus (redroot pigweed) and ChmopoJium album (common
lambsquarcers), a C4 3nd C, species. respectively. co deter-

-1L~-~~ that as a result of anthropogenic activities.
the concentration of carbon dioxide [CO2l is increasing in
the earth's atmosphere and should reach 600 j.Lmol mol-I
sometime during the middle of the 21st century (Conway
et al. 1994; Houghton et al. 1996). It has long been known
that CO2 was the entry point for carbon in the biological
cycle and that increasing [CO2l resulted in a general stim-
ulation of leaf photosynthesis and plant growth (Bowes
1996). The anticipated stimulation in growth should be
greater in plants with the C3 photosynthetic pathway
(-95% of all plant species) than in those with the C4 pho-
tosynthetic pathway. due. in part. to the amount of carbon
lost through photorespir:l.rion in each pathway (Poorrer
1993).

In agriculcural syStems. a number of Studies have quan-
tified the photosynthetic and growth responses of major
crop and weedy species co future increases in atmospheric
carbon dioxide (e.g.. Bunce 1997; Patterson and Flint 1980;
Tremmel and Patterson 1993. 1994; Ziska and Bunce
1997). It is clear chat substantial increases in pbocosyncbesis
and growth can be anticipated with increasing [CQ2l. al-
though fewer stUdies have measured competitive interactions
betWeen weeds and crops direcdy (Patterson 1995; Patterson
and Flint 1990).

~use incrca.sing [COz] can Stimulate weed growth
and. presumably. alter weed-crop competition, how will
[CO~ alter futUre chemical weed control effortS in agricul-
cural systems? This area of research remains primarily spec-
ulative (see Patterson 1995). but growth at devated [CO~
could result in :1nOlcomical. morphological. and physiological
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mine the efficacy of giyphosate at cwo different plant groWth
stages ~seedling and matUrity) and cwo different CO2 con-
centrations.

TABLE I. Average 24-h v:a1ues for daytime :1nd nigh[timc CO~ con-
ccnm[ions. day and night [empcra[ure$. and PAR during [he 14-
d period following giyphosate application for the ambient and el-
evated CO2 greenhouses. Greenhouses were switched betWeen
trials.

Materials and Methods

-C- mol
m-l
d-I

25.1 19.8 19.1
24.9 19.4
26.4 21.2 31.9
26.0 20.8

April 16-30 Amb.
Elev.
Amb.
Elev.

390.7 517.4
720.7 730.7
381.0 443.0
727.9 732.1

July 27-Augusc 10

ExperimentS were conduCted in cwo air-conditioned
giasshowes located at the USDA-ARS Climate Stress lab-
oratory in Bdcsville. MD. Each gla.uhowe was 13.5 m2 in
surface area and uansmiaed 65% of incoming photosyn-
theticallyactive radiation (PAR). with temperatUre and CO2
concentration maintained within preset limitS. Glasshouses
were designed to maintain maximwn and minimum tem-
peracures betWeen 31 and 17 C, respectively. Temperacure
sensors in shaded. ventilated encloswes were placed near the
tOp of plantS in each greenhouse. PAR sensors were located
near the top of each greenhouse. Dew-point temperatUreS
were determined periodically near midday and closely ap-
proximated those of outSide air. Carbon dioxide was main-
tained by a WJ\.iA2 infrared gas analyzer, I which injected
CO2 if levels fell below 350 and 700 JAomol mol-i. respec-
tively, for each glasshouse. Blowers conscandy circulated air
in the g1a.uhowes and provided an air speed of about 0.5
m s-1 over leaves. A data logger2 recorded PAR, tempera-
ture, and CO2 concentration in both giasshowes at 30-s
intcrv2ls.

Seed of A. mroflaus, a broad-leaved C4 species, and seed
of C album a broad-leaved C3 species, obtained from local

~pulations. were so~ ~~- tWo different dates in the sp~
(Macm 20anEF~FanDa:-aga"in:-tin:ilie--s-urnm-er:uun-c. 26-
and July 10) in 14-cm-diam (1.8 L) potS filled with ver-
miclWte. CO2 treatmentS were switched betWeen glasshow-
es, and the experiment was repeated in the summer months.
pardy to confinn earlier 6n~ and because the shorter
spring days resulted in early anthesis and reduced vegetative
growth for A. ~flaus. After emergence, seedlings were
thinned to one per pOt with 50 potS per species. and groWth
stage was randomly assigned to one of the cwo CO2 treat-
mentS. PotS were Awhed daily with a complete nutrient so-
lution and rotated weekly to minimize microclimate effects
within a glasshouse. CO2 treatmentS assigned to a given
glasshouse were switched betWeen spring and summer ex-
perimentS. SolutioO$ of commercial giyphOsate3 (with no
additional surfact:l.nt) were applied on April 16 (13 and 27
d after sowing. DAS) and again on July 27 (17 and 31 DAS)
;It spray rares of 0.00 (control), 0.112. or 1.12 kg ai ha-1
(0.1 X and 1.0 X of the recommended rate) wing a pres-
surized backpack sprayer with TeeJct 8003-E nozzles.4
PlantS 13 and 17 DAS were still in the seedling stage (i.e..
<10 cm in height and entirely vegetative). while those 27
and 31 DAS had Aowered. Sixteen plantS per species. CO2
treatment. and growth Stage were sprayed with each gly-
phosate concenuation. To prevent short-term ~aes in
stomatal conduCtance, herbicide applications were per-
formed in the respective glasshowes to maintain near nor-
mal ambient and elevated CO2 treatment levels (365 and
723 ~ol mol-I. respectively, when averaged for the April
16 and July 27 applicatio~): No significant differences in
24-h average day/night temperatures or PAR were observed
betWeen giasshowes for a given experiment (Table 1). As
might be expected, average day/night temperacures and PAR
\vere higher for the July/ A~t experiment compared to

March/April (Table 1). No difference in Caz concenuation
(for a given CO2 treatment) was ob..erved betWeen experi-
mentS. However. for both experimentS. nighttime CO2 con-
centrations rose to 440 and 520 JA,lnol mol-l for me am-
bient glasshouse (Table 1).

Single-leaf photosynthesis (measured as A. the rate of
CO2 assimilation) and stomatal conduCtance were obtained
1 d prior to and 7 d after spraying wim giyphosate for
poscftowering plantS of each wecdy species for bo(;h the
spring and summer experiments. For each sampLing time.
assimilation was determined on the uppermost fully ex-
panded Leaf for six plantS of each species and CO2 treat-
_(Qent.-.Me2$UfCmen"~_were.-made using. apQ~bk- Q~Q-p
exchange-system. incorporarIng infrared COi~d-wafer va;,"
por analyzers for determining net phocosynthecic CO2 up-
take rate and stomatal condUctance.l PAR was supplied by
a separate light unit that produced a constant PAR of 1,600
j.Lmol m-2 S-1 for all measurements of gas exchange. The
water vapor pressure surrounding (;he leaf was approximately
1:5 kPa and did not vary betWeen CO2 treatmentS or spe-
aes.

One hour prior to glyphosate application on April 16
and July 27 and 5. 10. and 14 d afterward (4. 9. and 14 d
for the July 27 date), four to six plantS of each species.
groWth Stage. and CO2 treatment were cut at ground Level
and separated into leaf laminae. stems (including petjoles).
and roots. At the time of spraying, plant height was also
determined for six postBowering plantS of each species. CO~
treatment had no effect on plant height tor A. r(trr)Jla:1.i a[
me time of sprayin$' whiLe C. album heights were 31/47
cm and 42/62 cm for me ambient and devated (COz] for
the April 16 and July 27 applications. respcctivdy. Leaf area
was detemtined photometrically with a 1e2f area meter.' Leaf
area was obtained only on upright green Leaves. Dry weights
were obtained separatdy for leaves. stems. and rootS. Ma-
terial was dried at 55 C for a minimwn of 72 h (or until
dry weight was constant) and men wei~ed. If dry weight
did not signi.6candy increase over the 14 d following spray-
ing, pLants were considered to have died.

The effect of elevated CO2 on growth and gas exchange
with and without glyphosate application was analyzed sep-
arately for each species. growth sage (seedling or poscflo\v-
ering>. and application time (April 16 or July 27) for a gi,:"en
sampling date using a StUdent's unpaired I test asswnlDg
unequal variance. Unless otherwise stated, differences \vere
determined to be signmC:lnt at (;he P < 0.05 level.
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T.\8LE 2. Changes in sromara! conductance (g, mmol m-l S-I) and single-leaf phorosynrhesis (A. ILmol m-2 S-I) for Amamnthus r~trofttxus
(C4) and Chmopodium a/bum (C3) grown ar ambienr (390 ILmol mol-I) and eleyared (720 ILmol mol-I) carbon dioxide (measured ar
370 and 700 ILffiol mol-I). C, no herbicide applicarion; 0.1 x, 10% of recommended rate; 1.0 x, 100% of recommended rate. Mea-
surementS were taken for the last fully expanded leaf at full sunlight (-1,400 jJ.mol m-2 s-l) for po.stAowering plantS only. No green
leaves were available for A. mroj/aru at the 1.0 X herbicide treatment for the Aprill~30 experiment or for the ambient CO2 treatment
for the July 27-August 10 experiment. . indicates a significant difference in g or A betWeen the devated and ambient [COll treatments
for a given species and application rate (Scudent's unpaired t test, n = 6).

April 16-30 July 21-August 10

ILmol m-2 $-

Prior co spraying

A..~ Amb.
Elev.
Amb.
Elev.

37.7
40.2
31.8
40.2*

523.1
221.58

6.251.0
1.285.2*

49.0
4;.6
40.3
52.S-

679.2
455.2.

4,383.8
1,422.0.

C. albvm

Seven days after spraying

A. ntTfJjl= Amb.
£lev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.

c
C
0.1
0.1
1.0
1.0
C
C
0..1
0.1
1..0
.1.0

926.0
298.0.
341.0
197..2

42.5
42.2
33..0
3,5.5

32.7
32.0
27.4
34.5*

A. rmoftexus

Arrtro.flexru
142.2

1.490.0
512.3-

1.290.1
504.8
620.0
555.2

8.9
29.3
38.5*
30.;
37.6*
19.2
38.3*

C album 5.463.4
2.216.5-
4.350.6
3.369.2-
2.068.8

587.0.

3S.9
40.2.
33.6
46.6-
20.0
2S.6-

C. album

c. album
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FIGURE 1. Change in whole-plant dry weight in seedlings of Ama~nrht.,.
rtmI}laus for 14 d following application of glyphoS3ce ac c:ither 0 (control),
10% (0.1 X), or 100% (1.0 X) the recommended commercial race. Appii-
orion dates for giyphosace were April 16 (spring) and July 27 (summer).
PlantS were grown at either ambient (0 solid linc:) or elevated (e d:l.shd
line) (CO:J. Growth race ,vas considered positive if plant dry weightS in-
c=cd over 14 d. If dry weight was unchanged or decreased over rhis samc:
pcriod. pbntS were considered co have died. . indicates a significant differ-

c:nce berween dCV:1Ced and ilI11bienr CO: treatmentS for a given sampling
cim~ and application r3CC: (ScuJc:nc's r ccsc. n - 4 [0 6). So:e Mc:thods tor
aJdicionai d.:rails.

--- _. _. - " - - -
Results

Prior to application of glyphosate, growth at elevated
[CO~ resulted in a significant increase in photosynthesis
(+26, +31%) and a decrease in stomatal conductance
(-68, -79%) relative to the ambient [CO~ in single leaves
of the C, weed C. a/bum for the April 16 and July 27
applications (Table 2). A simil2.r pattern W2S observed for
stomatal conductance in the C4 weed, A. mroftnus (- 33,
-59%), but no effect of elevated [CO~ on photosynthesis
was observed (Table 2). For the April 16 application, POSt-
flowering A. ~ftnus leaves had completely wilted at the
1.0 X rate for both CO2 treatmentS within 7 d after spray-
ing with giyphosate. Initial resultS were similar for the July
27 applicacion; however, leaf regrowth from the main stem
occurred at the elevaced CO 2 treacment, allo\ving measure-
ment of leaf photosynthesis (Table 2). For C. album, gly-
phosate had no effect on photosynthesis or conduCtance at
the 0.1 X level for either application date relative to the
photosynthetic performance at a given CO2 level for the
control (Table 2). At the 1.0 X giyphosace rate, photosyn-
thesis was reduced for both [CO~ treatmentS (April 16) and
for the ambient [CO~ creatmenc relative to the cancrol (Ta-
ble 2). However, significant stimulations in photosynthesis
or decreased stomatal conduCtance at elevated relative to am-
bient [CO2l were still observed for all chree'glyphosate treat-
mentS (Table 2).

Growth at elevaced [CO2] had no effect on final dry
weightS of A. rmojlexus concrol seedlings from 13 co 27
DAS (April 16) or from 17 co 31 DAS Guly 27) (Figure
1). Adding giyphosate at the 1.0 X race resulted in seedlins
death for both appLication dates, with no effect of [CO:]
on susceptibility. However, for the July 27 application, gly-
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FIGURa 3. Same as Figure 1. but for seedlinp of Chmopodiu'" aibrullo Nore
chat die scale of die y-axis is reduced for the 1.0 X are (borcom ppit) to
better illustrate differences betWeen CO2 concentrations.

ftCUU 2. Same as Figure

rrtrfjlrxlU.

Days After Sowing

1. bu[ for pos~o_ring plana of Am4n1nrhus

weightS of C album gro~n at elevated [COz] were signifi-
candy less than the respective control but were still positive
compared to ambient-grown C album (Figure 4).
..-: M~: di~absoluic-dianges-: mar;j: weight "Viiied u: a
funCtion of application dates, C album demonstrated in-
creased tolerance to glyphosate at either growth scage at the
el~ted CO2 concentration, as evidenced by significant in-
creases in leaf area and-leaf, Steln,- and root weightS (as weU
as total dry weight) relative co the ambient COrgrown
plantS foUowing spraying (Tables 3 and 4). Even at the com-
mercially recommended rate (i.e., 1.0 x), green leaves were
still observed for poscBowering C album 14 DAS (Tables 3

phosate at the 0.1 X rate did not result in death for the
elevated [COz]-grown A. ntroj/aus seedlings, although their
groVitb-ratewas-reduced relative.-to-the..conuo1- (Figure 1)..For - ~OWeiiiig - A:-ritrojfaiis.-sliglitly -grea-certOferanceco-

pyphosate at elevated [C~ was okivid in some instanc-
es. For the April 16 application, the 1.0 X race resulted in
plant death with no effecc of C02 concentration, whereas
at the 0: 1 X rate, ambient-grown A. rrtrojiaus died, and
elevated [COz]-grown A. ntroj/aus doubled in size 41 OAS
(Figure 2). In contraSt, for the July 27 application, a 0.1 X
rate was indfeccive in reducing the growth of A. mrojiaus
at either C~ concentration. whereas positive groWth was
still maintained for the d~ted [COz]-grown plantS. even
with a 1.0 X giyphosate rate (Figure 2).

Elevated [COz] per se resulted in a significant increase in
plant dry wei,;ht of control C a/brmr seedlings from 13 to
27 01\5 (April 16) or from 17 to 31 DAS Guly 27) (Figure
3). For either application date, glyphosate (0.1 X, 1.0 X
r:tte) applied to elevated [CO~-grown pLmtS did not result
in seedling death, a1['~ough th.: increase in dry weight at the
1.0 X race was signincandy reduced relative to the elevated
[CQ.,j control (Figure 3). In contrast, the increase in dry
weight of ambient [COz]-grown C. aJbrm. seedlings was ei-
ther severely reduced (0.1 X) or diminated (1.0 X) with
giyphosate (Figure 3). For postBowering control plantS of
c. album. devated [COz] resulced in signincandy higher dry
weight from 27 to 41 OAS (April 16) or from 31 to 45
OAS Guly 27) (Figure 4), although most of the stimulation
in dry weight as a result of in~ [COz] probably oc-
curred earlier during the seedling stage (see control graph,
Figure 3). As with the seedling response, poscflowering c.
album plantS grown at elevated [COz] were less sensitive to
glyphosate applied at the 0.1 X rate (no significant change
relative to the conuol at elevated [COzJ), while dry weight
of ambient-grown C album was reduced for both applica-
tion dates. Following Ue:l.tment at the 1.0 X rate, dry
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T\8lE 3. Vegetative and total dry weighcs (per plant) of Am.zranthus r..tro~ (C4) and Ch..nopodium album (CJ) grown at ambient and
elevated carbon dioxide 14 dafter postcmergent treatment with glyphosate on April 16. C, no herbicide application; 0.1 X, 10% of
recommended rate; 1.0 x, 100% of recommended rate. Seedlings were sprayed 13 DAS, and postflowering plancs were sprayed 27 DAS.
n = 4. Dry weighcs for A. rt'trojltxw seedlings at 0.1 and 1.0 X application rates at either (CO~ are not available due to plant death. E/
A is the ratio of tOtal dry weight for the devated: ambient CO2 treatment for a given level of glyphosate applied. * indicates a significant

differencebecween the elevated and ambient (CO~ treatmencs for a given growth parameter for a given species and growth stage (Student's
~~red t test, n = 4L ~

-cm'

Seedling stage

A. rnruJlexus 0.46
0.53
1.38
2.16-
0.25
1.39*
0.01
0.11-

Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.

c
c
c
C
0.1
0.1
I.a
1.0

65.8
86.1

229.5
324.0'"
45.4

210.0'"
0.0
3.5-

o.
o.
o.
o.
o.
o.
o.
o.

0.12
0.14
0.31
0.49
0.06
0.33-
0.00
0.03*

0.21
0.25
0.69
1.06-
0.12
0.68-
0.00
0.04-

1.-1'.
C. album

1.;6-
C. album

5.50*
C. album

11.2;-

Macuricy
A, rrtroj/aus 6.29

7.64.
2.94
3.35
1.54
1.33
9.22

11.80.
3.49
9.36.
0.93

=3:0~

0.74
0.82
0.37
0.49
0.17
0.12
2.04
2.S9
1,,12
201-
O:lS

:02;':

9.07
10.63
3.96
5.78
1.72
1.45

15.29
20.11
5.15

17.53.
1.08

"=""4:"SO--:

407.0
508.0
205.0
362.5-

0.0
0.0

8S7.8
.384.3-
466.;
.229.0-

0.0
:- 44;:)-i=--=

2.03
2.18
0.66
1.94-
0.00
0.00
4.04
5.72*
2.17
6.1r
0.00
:1-~

Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Elev.
Amb.
Eei:

Arrtrojlexus

c
C
0..1
G.l
1.0
1.0
C
C
0.1
0.1
I.C

--r.c

A.rrrroftexus

c. album
1.32.

Ca/bum

C. album
~-:::-::::-

. Green. nonwilced leaves only.
b All leaf material.

.

and 4). For the July 27 application, no significant difference
was observed betWeen the ambient concrol and the elevated
1.0 X creacment 14 d after postemer~ent treatment with
glypb°.sate (i.e., 40.6 vs. 30.7 g plant- ) (T~le 4). Becawe
of the influence of elevated [COz] on dry Weight after spray-
ing. the ratio of tOtal dry weight for the elevated: ambient
CO2 treatment increased significantly with increasing rates
of glypbosate in C. album (Tables 3 and 4). For A. rmo-
jltXus, changes in leaf area and in leaf, stem, and root
weightS indicated chat increased tolerance to glypbosate was
not consistently observed (Tables 3 and 4).

Overall, h~rbicide toler:lnce C:ln be defin<:d as the extent
to which growth rates are reduced by an herbicide. A de-
terminacion of relacive ~wth rate (RGR) averaged from ill
trials demonstrated that for A. retrojlaus, on average, .iJy-
pbosate applied at the 0.1 X rate reduced the RGR by nalf
and, when given at the 1.0 X rate, reduced it to zero (i.e.,
plant death) (Rgu!e 5). Growing A. rrtrojlaus at either am-
bient or elevated [CO:z] did not alter glyphosate tolerance.
In contr2St, ~yphosate applied to elevated [COz]-grown C
album either bad no effeCt (0.1 X rate) or reduced but did
not eliminate groWth (1.0 X rate), whereas growth of am-
bient [CO-z]-grown C album was either significantly re-
duced (0.1 X rate) or eliminated altogether (1.0 X rate)

(Figure 5).

nificant reduction in stomatal coQduccance in the C3 spe-
cies. C. a/bum. Increasing CO2 concentration had no effect
on groWth and plant height in the C4 species. A. rttroftmu.
In general. these observed differences are consistent with the
response of C3 vs. C4 plantS to elevated CO2 concentration
(Kimball et al. 1993; Poorter 1993; Ziska and Bunce 1997).

If the growth of C, weeds such as C. album can be di-
rectly stimulated by future levels of atmospheric carbon di-
oxide, how will chis affect chemical weed control effortS? In
general. the ~r a plant is when a poscemergence herbicide
is applied. the less effective the herbicide. If increas~d tol-
~rance to giyphosate is obs~rved at elevated [Call in C.
album, does this simply reflect a larger size of the plant (due
to groWth at elevated (CO2l) at the time of giyphosate ap-
plication? For example. in the present stUdy, C album plantS
spend about 5 d less in the seedling stage when grown at
elevated (CO2l. This illustrates a simple but important
point-i.e.. that the efficacy of giyphosate (and other post-
emergence herbicides) would be reduced at elevated [COz]
because the time spent in the stage of greatest herbicide
sensitivity would be shortened. Clearly. therefore. the size of
the plant at the time of spraying would be an important
consideration.

The relative inBuence;of plant size to giyphosate tolerance
can be determined by plotting the ratio of the dry weight
of treated plantS to chat of their respective control 2 wk
after giyphosate application as a function of the initial dry
weight at the time of spraying. If increased tolerance is sim-

Discussion

El<:V'ated [CO~ per se resulted in a significant )1:imulacion
of lc:1f photo~-ynchesis, plant growth, and h~ight and a sig~
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T\I\LE 4. Vcgccativc and tOtal dry weightS (per plant) of Amaranthr" rttrojilxus (c.) and Chmopodlum album (Cj) grown a( ambient 3nc
elCV3(cd carbon dioxide 14 dafter po5(cmcrgcnt (reatmcn( with glyphosatc on July 27. Seedlings were sprayed 17 DAS. and poscflowering
f-lan~ wc~ sp~ ~ 1 ~AS. ~ = ~. Al~ oth~r par3mC(e~ ~e given in Tab~c 3.

Species
--~

VA(CQ1l Herb. Lcafarea le:tf wc RDOcWt Tout wcStem wc

~

Seedling Stage
A. mroftaw Amb.

EIev.
Amb.
EIev.
Amb.
EIev.
Amb.
EIev.
Amb.
EIev.
Amb.
EIev.

c
C
0.1
0.1
1.0
1.0
C
C
0.1
0.1
1.0
t.O

l.no
1.815

573
793-

0.0
0.0

1.092
1.188
1.076
1.614*

0.0
0.0

6.68
7.14
1.95
2.98-
0.00
0.00
4.06
'.94
3.17
6.42*
0.00
0.00

7.09
8.36
1.33
2.02-
0.47
0.44
3.13
3.43
2.13
4.74.
0.33
0.92-

3.8
3.8
0.7
2.1
0.0
0.0-
1.3
2.0
1.0
2.3
0.0
0.1

17.60
19.31
4.00
7.19*
0.52
0.46
8.55

10.41-
6.35

13.52-
0.38
1.03-

10
A. mroJlaw

.80.
A. rrtro.ftexus

0.89
C a/bum

.22*
C. album

2.13.
c: album

2.71-
Maturity

A. mrvjl4Xat Amb.
Elev.
Amb.
Elev.
Amb
Elev.
Amb
Elev.
Amb
Elev.
Amb.
. !jt,v;:-

c
C
0.1 X
0.1 X
1.0 X
1.0 X

3.3
3.3
3.1
3.9

1
3.6
3.6
2.6
3.5

5
~

13.94
14.20
13.74
16.33-
0.00
0'.88.'

14.42
16.;8
10.17
IS.Sr
4.701.

=9:~~

33.
32-
33.
34.
10.
13
19.
27.
17.
30.
5.

=no

7.63
7.06
8.2'
8.01
2.38
2.99
6.52
7.30
3.89
6.35-
1.65

~5&-:

54.92
54.10
S5.37
S8.80
12,.71
16.2S.
40.60
51.20
31.86
,SZ.w
12.33

=-~

0.99
A. m7Vj/aus

1.06
A. rrrrojiall!

1.288
C. album c

C
0.1 X
0.1 X
1.0 X
"t:OX

c. album
.".

c. a/bum
:2;49~

. Green. nonwilted leaves only.
b All lC2f m~tecw.

in RGR. This does not rule out [CO2]-induced changes in
foliar absorption and a subsequent reduction in giyphosace
uptake; however. giyphosace absorption is not necessarily
through stomaces. and aCtUal concentrations of giyphosace
in che plana following application were not determined.

Even if giyphosace uptake races did not differ as a func.
cion of elevated [CO~. chere are scill a number of physio-
logical changes commonly observed in devaced [COzj
plana chat could influence giyphosace effectiveness. In gen-
eral. protein conrenc per gram of rissue can be reduced ac
elr:vated [CO;] (Bowes 1996), \vhich could result in I~
dr:mand for aromatic amino acids (glyphosate is the prin-
cipal inhibitor of che shikimic acid pathway chat is involved
in che production of aromatic amino acids (Vaughn and
Duke 1991]). Alcernatively. high leaf starch concentrations
chat commonly occur in C3 plana under CO2 enrichmenr
could interfere with herbicide acciviry (Patterson 1993). For
Baa vulgaris L. (sugarbeec). short-term increases in CO~
concentration restored net carbon exchange in giyphosace-
treated plana (Geiger et al. 1986). However. it is clear chat
additional experimena are needed to determine whether d-
evaced CO2 resula in reduced giyphosace uptake or alter-
ation of giyphosate activity for A. rm'Ofttxw and C album.

Irrespective of the mechanism. che present stUdy dem-
onstrates that growth at dented [CQ..j can inctease toler-
ance to giyphosace. In C aLbum, for aample. although the
dry weight at either Stage of groWth (for both experimena)
\V:IS gready reduced ac elevated [COzj at the 1.0 X appli-

ply a function of plant size. then ambient and elevated
[CO2]-grown plantS should have a similar response.

The four separate trials described previously provided a
range of plant sizes (dry weightS) at the time of giyphosace
application. Amaranthru 1YtTOjiIXus treated at the 1.0 x race
showed enhanced tolerance (i.e.. the dry weight ratio of
sprayed co unsprayed plant increased) as the initial plant
weight at the rime of spraying increased. but no difference
between ambient and devaced [CO~-grown plantS was ob-
sc:-rved (Figure 6). Chmopodium album plantS also demon-
scraced incrl:'.1SCd glyphosate colerance with size. Howe\'c:-r. a
distinct responsc was observed for each [CO~ treatment ac
the 1.0 X race. Thac is, giyphosate toLerance was increased
as the size of the plant to be sprayed increased. but for any
size plant, groWth at devaced [CO~ resulted in enhanced
tolerance relative co the ambient [CO~ condition (Figure
6).

If the differences are not only a refleCtion of plant size at
the time of spraying, what is the basis for inc~ tolerance
to glyphosate at elevated [COzj for C. album? It is reason-
able to suggest that a [CO~-induced reduction in Stomatal
condUCtance may have limited giyphosate uptake. Indeed.
in this stUdy for postBowering C album plants. stomatal
conduCtance was reduced by -73% .at elevated [CO:).
However. A. rrtTOj/exus also showed a :reduction in conduc-
tance with elevated [CQ2l (-45%) and a much lower con-
ductance relative to C tzlbum overall. but it did not exhibit
inCre:lScd tolerance to giypnosate as d~termin~d by changes

)1~r:1nc~Zisk:l et :1l.: Carbon Jil)xide OInU glyph I)JI
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FfCUU 5. Avenge change in RGR (g g-1 d-l) as a function ofcrcatmenc
[CO!] for the 14-d period following glyphos3ce applic3cion in AmamnthtlS
I'ttTtJflrxus :md Chmopodiwn album. C = no herbicide. 0.1 X = 10% of
n:commended race. :md 1.0 X = 100% of rccommended r:lce. Commorr
me:lns scpar:lced by different letters are sC3ciscic3lly difFerent (P < 0.0;)
reltcive co me control (LSD). B3rs are = SE.

Dry Weight at Time of Glyphosate Application
(gros)

FlcI;R£ 6. Rclacionship betWeen ~e initial weight of Amamnthtu ~mlft~"li
;1nd CiMnopoJium album pl;1fltS at rhc time of glyphos;1re application (1.0 X
r;1te) and the r;1tio of thc dry weight of the SPr;1>-N pbntS to rhe ;1mbient
or elevated [CO1.l contro! (nonsprayed) plana ~cr 14 d (:IS a percentage).
Incrascs in the "percent rclacive ro ~e control" indicate dccrasing etTcc-
tivencss of giyph0S3te in controlling groWth. For r;1tios of dry weight <
5%. plantS were considered to have died. Dara \~re obrained from separate
triili on seedling and postAowcring plantS done in the spring (March/April)

and summer Ouly/Augwt).

cation rate, growth (as determined from the observed chang-
es in whole-pIant dry weight) was still positive, and green
leaves were still present 14 DAS. No ambient C album
pIantS survived (i.e., no significant increase in dry weight
was observed) during this period. Survival suggestS regrowth
and seed produCtion of eIevated [CO2]-grown C album
plantS over time. For A. TrtrojlatlS, the resuItS are less clear.
Rc:growth of green leaves for poscflowc:ring, elevated [CO::]-
grown plantS in the JuIy trial treated at the 1.0 X rate su~-
gestS enhanced tolerance. However, regrowth, while signih-
cant, W2S small. Longer observation periods wouId be need-
ed in future trials to confirm regrowth for this species.

One of the few positive bene6tS associated with the on-
going rise in atmospheric [COz] is the anticipated increase
in crop growth and productivity. However, the data pre-
sented here show that postemergence application of giy-
phosate at commercial rates may be inadequate to controI
such common and troublesome C3 weeds as C. album. Fur-
ther applications, or additionaI giyphosate, couId presum-
abIy control such weeds but wouId add to the economic
cost of weed control. Consequently, one unintended con-
sequence of higher [COz] levels may be to hinder chemicaI
weed control effortS with subsequent effectS on crop-weed
competition. While additional data are needed to con6rm
the ubiquity of giyphosate tolerwce for elevated [CO2l-

gro\vn C.! plantS, if chemical weed control does becom.: less
effective, any potential increases in agricultural productivity
with increasing atmOspheric {Call could be adversely af-

fected.

Sources of Materials

1 WMA2 infrared ga.s analyzer. QRAS-1. PP Systems. 241
Winter Street. Havethill. iV1A 01830.

2 Data logger. Campbell Scientific. 815 West 1800 North. La-

g"1n. UT 84321-1784.
3 "Roundup" commercial giyphosate. ~{onsanto Agricultural

ProductS. 800 North Lindbergh Boulevard. St. louis. MO 63167.
0\ TeeJet 8003E nozzles, Spraying Systems Corp.. Wheaton. Il

60187.
; Leaf are:l meter. modd 3100. li-Cor Corpor:1tion. Lincoln.

~E 68504.

\V ccd Scicnl:e '*7. SepCI:mb1:r-Occobcr 199961~



Acknowledgments
The authors thank Jason Murray and Scan Carlin for their valu-

able technical assistance and Dr. David Patterson for his review of
the manwcripc.

P~ccCtSOn. D. T. 1993. Implications of global dim~ce chan
weed.. insectS and plant diseases. Pages 27}-280 ill 0
International Crop Science !. Madison. WI: Crop Sc
America.

Pa((erson. D. T. 1995. Effeas of environmcnal Kros 0" \
actions. Weed Sci. 43:483-490.

Paner3O". D. T. and E. P. Ai"t. 1980. Potencial effectS (
spheric CO2 enrichment on the ~ and compet
and c. weed and crop plana. Weed Sci. 28:71-75.

Panenon. D. T. and E. P. Ainc. 1990. Impliations of in<
dioxide and climate chanse for plant commlanities ar
in natural and managed ecosystems. raga 8}-110 ill
N. J. Roscnbcrg. and L H. Allen. Jr.. cds. Impact ofC
Trace Gases and Clima~ Change on Global Agricultur
Publ 53. Madison. WI: Amcrian Society of Agronom

Poorccr. H. 1993. ["tenpecific variatio" in the growth rap
(0 an elcvatcd ambient COt concenuuio". Vegearlo 1 C

TtemmcI. D. c. and D. T. Patterson. 1993. Responses of 10)
weeds (0 C~ enrichment under tWO tempera~ ~
Planr Sci. 73:1249-1260.

Tranmd. D. C. and D. T. Panerson. 1994. Effeca of cleva
(CIDperaalft Oft dcYeIopmenr in soybean and five ~.
Sci. 34:43-50.

Vaughn. K. C. and S. Q. Duke. 1991. Biochemical basis of
siscan«. Pap 142-169;" K. C Vaughn and S. O. Duk.
isay of Plant Pro<CCcion: Herbicide Resisance-B~i~
bcrclfins. Plant G(oWth Regulators. Berlin: SpriRFr-Verl

Ziska, L H. and J. A. Bunce. 1997. Inftucnce of increasing a
concentrarion on the pbocosynrhetic and growth srimu
I«red c. crops and weeds. Phorosynrh. Res. 54:199-20f

Uterature Cited
Bowes, G. 1996. Photosynthetic raponscs [0 changing actnospncric alban

dioxide concentration. Pages 397-407 ill N. R. Baker. ed. PhofOlyn-
dtesis and dte Environment. Dordtech(, The Nemerlands: Kluwer Ac-
*mic Pubiiahers.

Bunce. J. A. 1997. Variation in growth scimulation by devated alban
dioxide in seedlings of someC, crop and ~ species. Global Chance
Biol 3:61-66.

Conway. T. J.. P. P. Tans. ~d L S. Warennan. 1994. Atmospheric records
from sires in the NOM/CMDL ai sampling netWork. Pages 41-119
ill T..A. Boden. D. P. ~r. R. J. Seanski. and F. W. $toss. eds.
Trends 93. A Compcn«lium of Data on Global Change:. Oak Ridge.
TN: Oak Ridge National Labonrory.

Geiger. D. R., S. w: Kapitan. and M. A. Tucci. 1986. Glyph~(e inhibitS
photosynthesis and allocation of c:IIbon sarch in ~ beet leaves.
PIan( Physiol. 82:468-472.

Holm. L Go. D. L Plucknea. J. V. Pancho. and J. P. Herberger. 1977.
Thc World's Worst Weeds: Distribution and Biology. Honolulu: Uni-
versity of H~waii Press. 609 p.

Houpron. J. T., L G. Mein-FiIho, B. A. Callander, N. Harris. A. Kat-
renburg. and K. Maskdl 1996. IPCC Oimate Change Asscssmcn(
1995. The Science of Oima(e Change. umbridge, Great Britain:
umbridge University~. pp. 10-19.

Kimb-.1II. B. A., J. R. M~uney, F. S. Nakayama. and S. B. Idso. 1993. ~
of increasing ;1(mospheric CO2 on vegct2(ion. Vegeatio 104/105:65-
.,~, Rt'cnvt'aJanuary 19. 1999. alUiapprowdJuiy 7, 1.9.99.

isk;l id~ Jnd g!~'ph


